The main source of usable water supply in Poland is surface water. The most frequently used methods of surface water treatment are coagulation and filtration processes. During these processes post-coagulation sludge is generated, which is the main waste produced in water treatment plants. This sludge is characterized by an amorphous structure with a strongly developed specific surface, similar to sewage sludge. Dried and crushed post-coagulation sludge was used in the studies as an adsorbent of two acid dyes: Acid Red 18 (AR 18) and Acid Green 16 (AG 16). The most favourable pH of process and contact time as well as sorption isotherm were established. For both dyes the most favourable pH value was equal 2. The tests showed that in the case of AR 18 (180 min) a longer contact time was necessary to reach the equilibrium than for AG 16 (120 min). Moreover, based on the different isotherm two-parameter models, the sorption capacity, type of sorption and energy of sorption were calculated based on linear and non-linear regression. The tests showed that in the case of dye AG 16 monolayer sorption occurred -the analysis showed better fitting the results to Langmuir model. Moreover, for both dyes, physical adsorption took place -it was indicated by the values of parameter 1/n (computed from the Freundlich model).
Introduction
The surface water is the main source of supply of usable water. The raw water has to be purified by different kinds of processes before it is fed into the supplying network and to recipients [1] . As a result of treatment processes, waste products are generated such as technological wastewater, usually called backwash water, and sludge. The surface water is mainly treated by coagulation/flocculation and filtration methods [1, 2] . Therefore, the main waste product, generated in water treatment plants, is post-coagulation sludge. It contains all contaminants removed from raw water during the purifying process. The removal of very small particles of suspension from water, the microorganisms among them, influences the increase of organic content in sludge.
Taking into account the process of compliance of Polish legal provisions with the guidelines and requirements of the European Union, restrictions were introduced to lower 1 Faculty of Energy and Environmental Engineering, Silesian University of Technology, ul. S. Konarskiego 18, 44-100 Gliwice, Poland, phone +48 32 237 16 98, fax +48 32 237 10 47, email: rie4@polsl.pl the permitted amount of disposed waste (the reduction to 35 % in relation to the amount of waste in 1995) and to prohibit the disposal of waste containing organic matter above 5 %.
In addition, the Waste Act obliges waste producers to use technology that minimizes the threat and nuisance to the environment and requires minimization of the amount of waste generated. Moreover, the law also requires the use of waste recovery and only in the absence of such a possibility, it allows its storage [3] .
At present, post-coagulation sludge, similarly to sewage sludge, should be subjected to processes enabling their disposal. Sludge disposal is aimed at reducing the volume and mass of sludge, reducing putrescibility and killing pathogenic organisms [3] [4] [5] .
The flocs of post-coagulation sludge have a well-developed sorption surface. This property also plays an important role in the water purification process and the removal of impurities from it. Then, the process of adsorption of impurities on the surface of flocs of Fe(OH) 3 or Al(OH) 3 occurs -depending on the kind of coagulant used in the coagulation process.
The paper describes the sorption process of two acid dyes onto dried post-coagulation sludge. Studies included the effect of pH and sorption time. Moreover the sorption isotherm tests were made and based on the results of those experiments, different parameter of three two-parameter isotherm models were estimated. The estimation was made based on linear and non-linear regression.
Methodology

Materials and chemicals
The post-coagulation sludge was used at the studies. The sludge was generated during the treatment of surface water by coagulation-flocculation process when the alum coagulant (as aluminium sulphate Al 2 (SO 4 ) 3 ·18 H 2 O) was used as a reagent. The water treatment plant produces water for consumption and household purposes for the group of cities located in the south of Poland. The raw sludge consisted mainly of the flocky form of aluminium hydroxide, precipitated during volumetric coagulation. The sludge was dewatered in mechanical dewatering process and then dried to the stable mass in the laboratory drier at 105 °C. The sludge prepared in such a procedure was milled and sieved to obtain the particles with a size < 0.49 mm. The aqueous solutions of two dyes were used at the tests. One of them was Acid Green 16 (referred as AG 16), triphenylmethane dye with the colour index C.I. 44025
(Sigma-Aldrich). The second one was azo dye Acid Red 18 (referred as AR 18) of the C.I. number 16255 (Sigma-Aldrich). The characteristic parameters and the structures of these dyes are given in the Table 1 .
Adsorption procedure
The static sorption process was applied during the studies which contained three stages: the effect of initial pH, effect of contact time, and isotherm sorption. At the first stage the experiments were provided in Erlenmeyer flasks of 250 cm 3 into which 50 cm 3 of dye solution with concentration equalled to 700 mg/dm 3 and 0.1 g of dried post-coagulation sludge were introduced (the concentration of the sludge in the solution was therefore equal to 2 g/dm 3 ). Those sorption parameters were used in the previous studies connected with adsorption process applying the dried excess activated sludge, conducted by Authors [7] . There were applied five different values of pH: 2, 4, 6, 8, and 10. The pH values of dye solution were being adjusted by using 10 % NaOH or 50 % HCl. The flasks were shaken for 120 min. After that process, the samples were centrifuged in order to separate the sludge, and the final concentrations of dyes were measured.
At the second stage of the study, the tests were similar to the first stage, wherein pH value was stable and the contact time was different in each samples (t: 5, 10, 15, 30, 45, 60, 90, 120, 240, 300 min). The other parameters, i.e. initial dyes concentration, weight of sludge and volume of solution, were identical to the first stage.
At the last stage, the sorption isotherms were determined based on the results obtained from the tests carried out according to the following procedure: initial pH of dyes solution equalled 2; contact time t obtained from the second stage of the study; the concentration of sludge was 2 g/dm 3 ; the initial concentration of solution (C 0 ) in range from 100 to 1600 mg/dm 3 .
The concentrations of dyes were determined by measuring the absorbance (using the spectrophotometer spectroFlex 6100, WTW) at the appropriate wavelength for each dye and by using the calibration curve. The wavelengths of 506 and 631 nm were used for measuring of the absorbance of the solutions of AR 18 and AG 16, respectively.
The effect of pH and effect of contact time were established according to the value of amount of adsorbed dye q e (eq. (1)). Moreover, in the case of the first stage of the study, the graph of dependence of final concentration and pH value was plotted.
where: q e -the amount of dye adsorbed at equilibrium [mg/g], C 0 -the initial concentration of dye [mg/dm 3 ], C e -the dye concentration at equilibrium [mg/dm 3 ], m sl -amount of sludge [g/dm 3 ]. At the third stage, the graphs of sorption isotherm q e = f(C e ) were plotted. Moreover, three two-parameter models (Langmuir, Freundlich and Dubinin-Radushkevich) were used in order to calculate the sorption capacity, energy of sorption and to evaluate the type of sorption. The parameters of those models were calculated based on linear and non-linear estimations The linear estimation was made based on the linear regression and the correlation coefficient R 2 was computed. In the case of the non-linear estimation, "SOLVER ADD-IN" in Microsoft's spreadsheet was applied to minimize the value of the residual root mean square error (RMSE). This error is a measure of the accuracy of predictions. As the smaller value of RMSE is calculated, the better fitting of the curve to model is achieved.
Application of non-linear regression enables the determination of isotherm parameters from the original form of the isotherm equations [8] [9] [10] . Therefore nowadays, many researchers use the non-linear estimation for the computing the parameters of isotherm sorption [11] [12] [13] [14] . The non-linear forms of those models are described by equations (2)- (5) . And the linear forms of isotherm models are given by equations from (6) to (9) . The function of error is given by eq. (11).
Non-linear forms of isotherm models: Freundlich:
Langmuir:
Linear forms of isotherm models: Freundlich:
Langmuir: 
Results and discussion
Effect of pH
At the first stage of the study, the effect of initial pH value was evaluated. It was observed that only at pH 2 the sorption process occurred ( Table 2 ). The dye concentrations after process were 581.9 and 643.0 mg/dm 3 for AR 18 and AG 16 respectively. The amount of adsorbed dye reached the values of 59.1 and 8.1 mg/g for AR 18 and AG 16 respectively. When the value of pH was higher than 2, the final concentration of dye was equal to initial value and the adsorbed amount of dye was 0. Generally, dyes can be divided into three groups: anionic, cationic and non-ionic. Anionic dyes include direct, acid, and reactive dyes. Dyes used in the study belong to the acid group and they are anionic dyes [15] . They are therefore characterized by a negative charge. The obtained test results coincide with the results of the influence of pH on the effectiveness of adsorption of acid dyes carried out by many researchers. Similar relations, for example, were noted in the research connected with Acid Red 18 adsorption by using modified activated carbons (by organic acid ammoniums activation) [16] and modified granular anaerobic activated sludge [17] . In both cases, the most effective pH value was equal to 2. The obtained results are related to the fact that the pH value of a given medium affects the electrostatic charge of the surface of adsorbent. At low pH value, the charge of sorbent surface is positive (as a result of protonation process caused by the presence of large amount of hydrogen ions that cover the surface of the adsorbent). Only in those conditions, can the adsorption process between an anionic dye and the sorbent occur. Although the solution of pH 4 also has the acidic character, it is possible that the amount of hydrogen ions in the solution is insufficient to effectively protonate the sorbent surface and change the surface charge to a positive one. In contrast, when the pH is high, the positive charge at the solution decreases and the surface of the adsorbent begins to obtain a negative charge [15] . Therefore anionic dyes and negatively charged adsorbent surface will repel each other. 
Effect of contact time
The results of that stage of the tests have shown that in the case of AR 18 sorption proceeded the fastest between 10 and 180 min (Fig. 1) . The amount of adsorbed dye increased from 0 to 70.0 mg/g. Prolongation the contact time to above 180 min did not improve the process efficiency and the q e had almost a stable value. In the case of AG 16 the highest growth of adsorbed amount of dye was observed between 15 th and 120 th min of the process. The value of q e increased from 0 to 26.2 mg/g. The application of longer contact times only slightly improved the efficiency of the process -the q e increased to 30.3 mg/g at 300 th min. Therefore the time of 120 min was selected as the most favourable in the third stage of study for that dye. In the case of AR 18 as the most favourable contact time t = 180 min was chosen.
In the case of both dyes, it can be observed that the increase of the amount of adsorbed dyes proceeded in two different stages. In the first period, the increase in the amount of adsorbed dyes molecules proceeded faster, than in the second period when the increase in the number of adsorbed dyes was reduced. This may be due to the fact that in the initial period, where there was an excess of active sites on the adsorbent surface versus to the dyes particles that were being removed from the solution, the process proceeded fast. In the second period however, as the active sites were being covered by dyes molecules, the adsorption rate was reduced (longer time is needed for the molecule to reach free active site during contact with the adsorbent surface). 
Sorption isotherm
Based on the results of that stage of the study, the graphs of sorption isotherm (q e = f(C e )) for both dyes were plotted. They are showed at Figures 2a and 2b . Much higher values of adsorbed amount of dye q e were obtained in the case of dye AG 16 than in the case of AR 18. Moreover, there was a great difference between the shape of curve of sorption isotherm for both dyes. In the case of the green dye the shape suggests that multilayer sorption occurred. However, for the red dye the shape is quite different, which indicates that monolayer sorption took place. For AR 18 on the graph the plateau was observed when the equilibrium concentration of dye was higher than 400 mg/dm 3 .
Results of linear regression
Freundlich isotherm
The Freundlich model is an empirical model that can be used for describing the non-ideal sorption process on heterogeneous surfaces. Moreover, it assumes that energies of adsorption sites are not equivalent, therefore the multilayer sorption is possible [18, 19] .
Based on the curve presenting the linear form of Freundlich isotherm model, the parameters K F and n were calculated. These constants are incorporating all factors that affect the process of adsorption, i.e. adsorption capacity and intensity [20] . They also affect the adsorption isotherm. The slope 1/n is a measure of surface heterogeneity: if 1/n = 1 the adsorption is linear; if 1/n < 1 then the physical sorption occurs; if 1/n > 1 it is a chemical sorption [21] . Moreover, the values of n ranging between 1 and 10 represent favourable adsorption [19] . It was observed that for both dyes, the parameter n was lower than 10 and greater than 1, therefore it may be concluded that this model is favourable [19] . The results of the studies showed that higher value of correlation coefficient R 2 was obtained for green dye (AG 16) then for red one (AR 18). It was equal to 0.9882 and 0.6758 for AG 16 and AR 18 respectively (Fig. 3, Table 3 ). 
Langmuir isotherm
This model assumes that the monolayer adsorption occurs. This means that if a molecule of adsorbate occupies a site, no further adsorption can occur at that site [19] .
In order to calculate the Langmuir parameters, two different equations of linear form of that model were used. The values of correlation coefficient of both linear forms were established. Afterwards, the model parameters were calculated based on that linear form for which R 2 achieved higher value. In the case of AR 18 higher value of R 2 was obtained for the first linear equation form of that isotherm model (expressed by eq. (7)) and it was 0.9798 (Fig. 4b, Table 3 ), while for AG 16 the higher R 2 was achieved in the case of second linear form described by eq. (8) and its value was 0.9798 ( Fig. 5a, Table 3 ). Based on those data, the q m and K L were calculated. It was observed that much larger amount of adsorbed dye by waste sorbent was for dye AG 16 (q m = 256.4 mg/g) in comparison with AR 18 (q m = 73.5 mg/g) - Table 3 . 
Dubinin-Radushkevich isotherm
The linear form of Dubinin-Radushkevich isotherm model was shown in Figure 6 . Based on the slope and intercept obtained from that curve, the parameters K DR and Q s were calculated. It was observed that higher value of sorption capacity occurred in the case of dye AG 16 in comparison with AR 18. The value of Q s for AG 16 was almost two times higher (135.8 mg/g) than for AR 18 (71.2 mg/g) - Table 3 . Moreover, based on the K DR parameter the mean energy of sorption E was calculated according to equation (10) . Its value is useful in order to estimate the type of sorption process -whether it is chemical or physical [22, 23] .The chemical sorption takes place when the value of energy of sorption is higher than 16 kJ/mol. The physical adsorption takes place, when the value of this energy is lower than 8 kJ/mol. However, if the value of E is in range 8-16 kJ/mol, the ion exchange occurs [24] [25] [26] . At the study the values of mean energy of sorption were smaller than 8 kJ/mol for both dyes (Table 3) , therefore it may be concluded that physical sorption occurred. However, due to the very low degree of matching of test results to the Dubinin-Radushkevich model (low R 2 value), the obtained mean energy values may be subject to a significant error. Therefore, it is not possible to determine the type of adsorption (whether it is physical or chemical) on the basis of these energy values. Due to that fact the authors intend to analyze the results of the experiments using, for example, Temkin isotherm model. According to this model the determination of heat of sorption 
Results of non-linear regression
Based on the results of the experiments, the parameters of three isotherm models were calculated using the non-linear estimation. The estimation showed that in the case of dye AR 18, a lower RMSE value was obtained for Langmuir model (7.560) than for Freundlich (10.624) . In contrast, for the AG 16 dye, the inverse relationship was obtained: a lower value of RMSE was obtained for Freundlich (10.954) than Langmuir (11.365) model. These results indicate that AG 16 dye adsorption is better matched with the Langmuir model than that of AR 18. It also suggests that in the case of AG 16, monolayer sorption occurred.
The sorption capacity q m was also calculated based on the Langmuir model. The results of the estimation showed that a much higher value was obtained for the dye AG 16 (q m = 646.1 mg/g) than AR 18 (q m = 82.2 mg/g). A similar relationship was obtained when Q s was calculated based on the Dubinin-Radushkevich model. Also in this case the sorption capacity was significantly higher for the dye AG 16 (Q s = 73.5 mg/g) than for AR 18 (Q s = 212.4 mg/g) - Table 3 .
The value of the mean energy of sorption E, calculated according to Dubinin-Radushkevich for both dyes, indicates the occurrence of the physical adsorption process. Moreover, the calculated values of 1/n (based on Freundlich model), which were below 1 for both dyes, also indicated that the physical adsorption occurred.
The investigations of the adsorption process for the removal of different types of dyes from aqueous solutions were carried out by many researchers and with applying many different adsorbents. Swan and Zaini [27] , for example, made in their article a list of different types of adsorbents used by different researchers to remove two dyes: malachite Green and Congo Red. They reported that such sorbent as bio-based magnetic activated carbon, reduced graphene oxide, fibrous cellulose sulphate, zeolitic imidazolate, shrimp shell powder and many other sorbents were used for that purpose. There are also many research connected with acid dye removal using adsorption process. In particular, the AR 18 dye is broadly studied. In this case, many different types of sorbents have already been used, such as natural and surfactant modified zeolites [28] , chitosan [29] , modified clinoptilolite zeolite [30] and dithiocarbamate-modified starch [31] . In the case of surfactant modified zeolite, the sorption capacity q m was equal to 20.42 mg/g and for natural zeolite it was only 1.17 mg/g [28] . In the case of application of chitosan, the results showed that this sorbent was characterized by sorption capacity in the range from 31.8 to 218.3 mg/g, depending on the temperature and the type of chitosan used [29] . When the modify clinoptilolite zeolite was used, the sorption capacity was 11 mg/g [30] . Also, the authors of this article carried out the adsorption process of AR 18 and AG 16 using a waste sorbent (dried excess activated sludge) [7] . The research showed that the sorption capacity of the dried excess sludge (calculated on the basis of linear regression) in relation to these two dyes was higher and equal to 109.89 and 434.78 mg /g for AR 18 and AG 16, respectively.
Conclusions
The studies were conducted in order to verify if dried post-coagulation sludge may be used as waste sorbent for dyes Acid Red 18 and Acid Green 16. The tests consisted of three stages: estimation of pH of sorption process; estimation the favourable contact time, and determination of isotherm sorption parameters. Based on the results of the studies the following can be concluded: 1. The most favourable pH of the sorption process for both dyes is equal to 2. 2. In the case of dye AR 18 the sorption process proceeded slower than in the case of AG 16. The most favourable contact time was equal to 180 min and 120 min for AR 18 and AG 16 respectively. 3. The shape of sorption isotherm graph indicates that monolayer and multilayer sorptions took place in the case of AR 18 and AG 16, respectively. 4. In the case of AR 18 the highest value of correlation coefficient R 2 and the smallest value of RMSE were obtained for Langmuir isotherm model -this fact also indicated the monolayer sorption occurrence.
5.
In the case of AG 16 the highest value of R 2 and the smallest value of RMSE were achieved for Freundlich isotherm model, which indicated that multilayer sorption occurred. 6. In the case of both dyes, physical sorption took place -the values of 1/n (Freundlich constant), calculated by both linear and non-linear estimations, were lower than 1. 7. The higher value of sorption capacity was observed for AG 16 in comparison with AR 18, which was indicated by the values of q m (calculated from Langmuir model) calculated with both types of estimation methods, linear and non-linear. It may be connected with the fact that in the case of AG 16 multilayer sorption occurred and for AR 18 monolayer one took place.
